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I.  Research  Objectives 

The  development  of  many  advanced  technologies  for  aerospace  applications  (e.g,, 
drag  reduction,  electromagnetic  cloaking,  combustion  enhancement,  and  magneto  gas 
dynamic  control)  relies  on  a  weakly  ionized  plasma  flow  around  the  vehicle.1  To  help 
realize  this  goal,  experiments  were  performed  to  develop  a  novel  solid-state  device 
capable  of  providing  cold-cathode  electron  ejection.  The  Mctal-Insulator-Mctal  (MIM) 
heterostructure  delivers  ballistic  hot  electrons  to  the  surface  from  the  solid  side  of  the 
gas/surface  interface.2  Encasing  the  surface  of  a  hypersonic  vehicle  with  functioning 
MIM  devices  could  increase  the  electron  density  in  the  boundary  layer  surrounding  the 
vehicle. 

The  basic  design  of  the  M-I-M  device  is  shown  in  Figure  1 .  When  the  metal 
overlayer  is  biased  positive  relative  to  the  metal  underlayer,  electron  transport  through 
the  insulating  layer  occurs.  The  objectives  of  this  research  grant  were  to  fabricate 
operational  MIM  devices  and  to  measure  the  efficiency  and  kinetic  energy  distribution  of 
electrons  emitted  from  the  device. 


Vacuum 


Metal  Overlaver 


Insulator 


Metal  Base  Layer 


Glass  Substrate 


Figure  1.  Schematic  diagram  for  a  biased  MIM  cold  cathode  device 
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2.  Experimental  Approach 

2.1.  Fabrication  of  thin-film  cold  cathode  devices 

Thin-film  cold  cathode  devices  based  on  Metal-Insulator-Metal  (MIM) 
architecture  were  fabricated  by  electron  beam  evaporation.  The  thickness  of  each 
deposited  layer  was  monitored  by  a  quartz  crystal  microbalance  during  fabrication,  and  a 
combinatorial  approach  was  employed  to  screen  for  the  optimal  thickness  and 
composition  for  each  layer.  The  total  thickness  of  the  device  ranged  between  75-100  nni. 
In  two  different  sets  of  experiments,  devices  were  fabricated  by  using  different  masks  to 
pattern  the  devices  on  a  glass  substrate.  The  pre-pattemed  glass  substrate  has  10  gold 
electrodes  that  facilitate  the  electrical  testing  of  fabricated  devices  by  depositing  the 
stripes  of  metal  layers  of  the  device  such  that  they  overlap  with  2  gold  electrodes  on  the 
pre-pattemed  glass  substrate.  The  design  of  the  pre-pattemed  glass  substrate  allows 
fabrication  of  a  maximum  of  24  devices.  Although  initial  screening  was  done  by 
fabricating  an  array  of  24  devices  in  each  experiment,  it  was  found  necessary  to  fabricate 
12  devices  for  acquisition  of  electron  energy  distributions.  An  array  of  12  devices  was 
fabricated  in  order  to  mitigate  the  possible  effect  on  the  trajectories  of  vacuum-emitted 
electrons  due  to  electric  fields  in  the  vicinity  of  the  tested  device.  The  electric  fields  are 
imposed  due  to  the  voltages  on  the  top  electrodes  of  the  devices  in  the  array.  In  the  first 
set  of  experiments,  12  devices,  composed  of  Ti/SiOx/Au  (Gold  top  electrode),  were 
fabricated  and  screened  for  optimal  layer  thicknesses  and  fabrication  conditions  to 
maximize  cold  cathode  emission.  In  the  second  set  of  experiments,  only  three  devices 
were  patterned  on  the  glass  substrate  by  employing  a  scries  of  masks  during  fabrication, 
and  devices  composed  of  Ti/Au/SiOx/Au  (Gold  top  electrode)  were  tested  for  emission. 
The  second  set  of  experiments  provided  accurate  device  currents  since  the  design  of  the 
mask  for  the  second  set  of  experiments  eliminated  the  detrimental  effect  of  thinning  of 
the  deposited  oxide  layer  at  the  edges  of  the  insulator  mask.  Since  the  Gold/Insulator 
interface  for  the  bottom  metal  electrode  was  found  to  enhance  the  total  emission  current 
for  the  cold  cathode  compared  to  Titanium/Insulator  interface,  the  composition  of  the 
bottom  metal  electrode  was  changed  for  the  second  set  of  experiments  to  achieve 
enhanced  emission.  The  insulator  layer  in  the  MIM  device  was  comprised  of  Ti02,  AI203 
or  SiC>2-  ail  deposited  by  reactive  evaporation.  Devices  composed  of  TiOx  layer 
sandwiched  between  the  metal  electrodes  did  not  show  cold  cathode  emission,  while 
emission  current  from  devices  composed  of  AI2O3  insulator  layer  showed  similar 
performance  to  that  of  devices  with  SiO*  as  the  insulator  layer.  The  optimization  of  the 
fabrication  procedure  was  carried  out  for  devices  with  SiO*  as  the  insulator  layer. 

The  first  step  in  the  fabrication  procedure  consists  of  cleaning  the  glass  substrate 
by  sonication  in  Ethanol  and  blow  drying  in  dry  Nitrogen  before  introducing  the  substrate 
into  the  vacuum  chamber.  The  pre-pattemed  glass  substrate  has  10  gold  electrodes,  and 
each  device  is  tested  for  emission  by  applying  a  voltage  bias  between  a  pair  of  Gold 
electrodes.  The  substrate  is  heated  to  250-300  Celsius  for  about  I  hour,  and  the  crucibles 
for  the  materials  are  outgassed  sequentially  during  that  time  to  get  rid  of  any  volatile 
contaminants.  The  bottom  electrode  of  the  MIM  device  consists  of  either,  a  layer  of 
Titanium  (35  nm)  in  the  first  set  of  experiments,  or  a  wetting  layer  of  Titanium  (5  nm) 
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stacked  by  a  Gold  layer  (30  nm)  in  the  second  set  of  experiments.  In  both  sets  of 
experiments,  only  the  titanium  layer  in  the  bottom  metal  electrode  is  deposited  at  the 
elevated  temperature.  Subsequent  to  deposition  of  Titanium  layer  in  the  bottom  metal 
electrode,  the  substrate  is  cooled  to  room  temperature  before  continuing  with  the 
deposition  of  other  layers  in  the  device.  The  insulator  layer  in  the  devices  was  silicon 
dioxide  and  was  evaporated  in  a  background  pressure  of  lxlO'6  Torr  or  8x10"  of  20% 
Oxygen/Argon  mixture.  The  typical  base  pressure  of  the  chamber  without  the 
Oxygen/Argon  mixture  was  3-4x1  O'7  Torr.  The  thickness  of  the  insulator  layer  ranged 
between  20-40  nm  while  the  thickness  for  the  top  Gold  electrode  was  varied  between  1 5- 
25  nm. 


2.2.  Testing  of  thin-film  cold  cathode  devices 

The  performance  of  the  fabricated  cold  cathode  devices  was  evaluated  by 
recording  the  total  emission  current,  energy  distributions  for  the  emitted  electrons,  and 
the  device  current  between  the  metal  electrodes.  All  observables  were  recorded  as  a 
function  of  the  applied  voltage  bias  between  the  metal  electrodes.  The  tests  also 
consisted  of  monitoring  the  total  emission  current  at  a  constant  voltage  bias  as  a  function 
of  time  to  determine  the  longevity  of  the  emission. 

In  the  first  set  of  experiments,  Ti/SiCVAu  MIM  devices  were  studied  to 
determine  the  optimal  fabrication  procedure  to  maximize  cold  cathode  emission.  The 
selection  of  voltage  bias  applied  across  the  metal  electrodes  of  each  device  was  such  that 
when  a  device  is  being  tested  for  emission,  the  other  devices  are  either  reverse  biased,  or 
forward  biased  around  5V  where  vacuum  emission  is  not  expected,  or  zero  voltage  bias  is 
applied  between  the  metal  electrodes  of  the  device.  This  scheme  ensures  that  only 
emission  from  the  device  under  test  is  recorded.  Each  of  the  12  MIM  devices  fabricated 
on  the  glass  substrate  was  cycled  through  25  voltage  ramp  cycles  between  4-12  V.  The 
25  voltage  ramp  cycles  were  grouped  in  5  rounds,  and  each  round  of  testing  consisted  ol 
5  consecutive  voltage  ramp  cycles.  The  5  rounds  of  voltage  ramp  cycles  on  each  of  the 
12  devices  were  performed  in  a  random  order.  This  strategy  ensures  that  each  of  the 
devices  will  sample  a  random  bias  history,  and  the  identification  of  the  optimal 
fabrication  procedure  will  not  be  influenced  by  effects  of  a  particular  sequence  of  voltage 
bias  history.  In  order  to  quantify  the  performance  of  vacuum  emission  from  the  cold 
cathode  devices,  the  total  emission  current  readings  at  voltage  bias  of  12  V  in  the  voltage 
ramp  cycles  is  compared  as  the  fabrication  conditions,  including  layer  thicknesses  and 
oxygen/argon  pressure  for  reactive  evaporation,  arc  varied.  Each  array  of  12  devices  is 
fabricated  at  a  chosen  composition,  and  the  total  data  set  for  the  array  consisting  of  25x12 
readings  is  binned  both,  by  total  emission  current,  and  by  time  elapsed  since  turning  on 
the  voltages  to  test  the  array  of  devices.  This  testing  routine  and  assessment  scheme 
helps  in  identifying  MIM  device  composition  that  is  favorable  for  both,  maximizing  the 
emission  current,  and  the  longevity  of  the  devices. 

Preliminary  results  suggested  that  normalization  ot  the  electron  energy 
distributions  to  the  total  emission  current  during  acquisition  of  the  distribution  will  be  a 
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good  strategy  to  correct  for  fluctuations  and  variation  of  emission  current  with  time.  The 
normalization  routine  consisted  of  dividing  the  counts  at  a  given  electron  energy  in  the 
scan  (recorded  by  the  hemispherical  energy  analyzer)  by  the  average  total  emission 
current  collected  at  the  first  ion-optics  element  of  an  entrance  einzel  lens  during  the  same 
time  interval.  The  first  ion-optic  element  of  the  entrance  einzel  lens  is  connected  to 
ground  potential  through  a  kiethley  electrometer  to  monitor  the  emission  current  during 
the  scan. 

The  hemispherical  energy  analyzer  has  an  energy  dependent  transmission 
efficiency  that  attenuates  detection  of  the  low  energy  electrons.  Two  strategies  were 
employed  to  minimize  and  correct  for  the  filtering  of  the  low  energy  electrons.  In  the 
first  strategy,  the  top  metal  electrode  of  the  MIM  device  was  held  at  a  constant  voltage  of 
-4.8  V.  The  additional  kinetic  energy  imparted  to  the  emitted  electrons  from  the  MIM 
device  should  improve  the  sensitivity  to  low  energy  electrons.  In  the  second  strategy,  the 
transmission  efficiency  of  the  detector  was  determined  by  recording  emission  current- 
normalized  electron  energy  distributions  at  a  constant  voltage  bias  of  12V  across  the 
MIM  device,  but  at  different  voltages  for  the  top  metal  electrode.  The  transmission 
efficiency  was  determined  by  plotting  the  normalized  counts  at  the  peak  of  the 
distribution  versus  the  electron  energy  at  the  peak  in  the  distribution.  The  functional  fit 
for  the  empirically  determined  transmission  efficiency  was  used  to  correct  the  energy 
distributions.  Additionally,  a  series  of  electron  energy  distributions  at  different  voltage 
biases  across  the  MIM  device  were  also  recorded  at  an  increased  top  electrode  voltage  of 
-6.5  V  to  reduce  the  magnitude  of  corrections  to  the  distributions. 


3.  Results  and  Discussion 

3.1.  Combinatorial  screening  of  device  fabrication  parameters  and  effects  on  cold 
cathode  performance-  Ti/SiOx/Au 

3.1.1.  Variation  of  layer  thickness  for  the  top  metal  electrode  (An) 

The  emission  current  readings  are  binned  by  the  magnitude  of  emission  currents 
in  consecutive  time  bins,  and  each  time  bin  is  approximately  3  hours  in  duration.  This 
scheme  presents  both,  the  fractional  distribution  of  emission  current  magnitudes  in  each 
time  bin,  and  allows  easy  comparison  of  performance  of  cold  cathode  emission  between 
different  lime  bins.  The  thickriess  of  the  top  metal  electrode  was  varied  between  20-30 
nm  in  the  fabrication  procedure,  while  in  each  case  the  SiC>2  insulator  layer  was  deposited 
in  a  background  of  20%  Oxygen/Argon  atmosphere  at  a  base  pressure  of  lxl0'f’  Torr. 
The  histograms  for  the  different  layer  thicknesses  are  presented  in  fig.  2. 

The  histograms  plotted  for  each  layer  thickness  show  that  the  emission  current 
magnitudes  cluster  in  two  regimes-  one  below  100  pA  and  the  other  between  1000-5000 
pA.  For  the  20  nm  electrode  thickness,  a  large  fraction  of  the  emission  current  readings 
are  below  100  pA  for  all  the  time  bins,  with  the  exception  for  time  bins  greater 
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Figure  2.  Emission  current  histograms  for  readings  at  12V  bias  in  the  voltage  ramp 
cycles  at  different  top  electrode  thicknesses-  a.  20  nm,  b.  25  nm,  and  c.  30  nm. 
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than  12  hours  where  30%  and  50%  of  the  readings  respectively  for  lime  bins  in 
incremental  order  are  in  the  5000  pA  emission  current  bin.  In  contrast  to  the  results  for 
the  20  nm  electrode  thickness,  the  histograms  for  the  emission  current  readings  for  both 
25  nm  and  30  nm  top  electrode  thicknesses  show  emission  at  currents  of  1000-5000  pA 
even  in  the  early  time  bins.  Comparing  the  performance  of  devices  with  top  electrode 
thicknesses  of  25  nm  and  30  nm  reveals  that  in  the  former  case  the  emission  current  bin 
between  1000-5000  pA  is  populated  by  a  larger  fraction  of  the  emission  current  readings 
than  the  same  for  the  latter  case  for  majority  of  the  time  bins.  The  performance  of  cold 
cathode  emission  for  the  different  lop  electrode  thicknesses  is  quantified  in  table  1  by 
calculating  the  fractions  for  emission  current  below  500  pA  and  above  1000  pA  after  10 
hours  of  testing.  A  comparison  between  data  tabulated  for  different  top  electrode 
thicknesses  indicates  that  devices  with  a  top  metal  electrode  thickness  of  25  nm  perform 
optimally  in  terms  of  magnitude  and  longevity  of  the  emission  current. 


Table  1 

Performance  of  cold  cathode  emission  after  10  hours  of  testing  -  variation  of  top 

electrode  thickness 


Thickness  (11m) 

Total  fraction  below  500  pA 

Total  fraction  above  1000 
PA 

20 

0.39 

0.47 

25  (#1) 

0.26 

0.70 

30 

0.35 

0.56 

25  (#2) 

0,34 

0.64 

3.1.2.  Variation  of  layer  thickness  for  the  insulator  (SiO*) 

Histograms  for  emission  current  readings  were  binned  by  emission  current  and 
time  for  devices  fabricated  with  different  insulator  thicknesses  ranging  between  20-40 
nm.  The  S1O2  insulator  layer  was  deposited  in  a  20%  Oxygen/Argon  environment  at  a 
base  pressure  of  1x1 0'f’  Torr,  and  the  thickness  of  the  top  metal  electrode  was  25  nm  in 
each  case.  Figure  3  shows  the  histograms  for  cold  cathode  emission  data  for  different 
thicknesses  of  the  insulator  layer.  At  an  insulator  thickness  of  40  nm,  the  emission 
current  is  predominantly  below  100  pA  even  after  testing  for  over  15  hours,  For  insulator 
thicknesses  less  than  40  nm,  the  fractional  distribution  of  emission  current  peaks  below 
100  pA  and  1000-5000  pA  range.  The  fractional  distribution  for  insulator  thickness  of  20 
nm  shows  that  greater  than  50%  of  the  readings  are  below  100  pA  for  the  first  6  hours  of 
testing.  Only  after  testing  the  devices  for  over  6  hours,  the  5000  pA  bin  for  emission 
current  is  populated  over  30%  for  the  first  time  in  the  test,  In  contrast  to  the  observations 
for  the  20  nm  thickness,  emission  currents  between  1000-5000  pA  are  observed  in  the 
early  time  bins  for  25  and  30  nm  insulator  thicknesses.  The  distributions  for  the  25  nm 
and  30  nm  thicknesses  are  similar  with  approximately  45%  and  20%  of  readings  in  the 
respective  cases  observed  in  the  1000-5000  pA  range  in  the  first  time  bin  of  0-3  hours.  A 
comparison  of  the  distributions  for  the  25  and  30  nm  thicknesses  in  the  early  lime  bins 
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Figure  3.  Emission  current  histograms  for  readings  at  I2V  bias  in  the  voltage  ramp 
cycles  at  different  insulator  thicknesses-  a.  20  nm,  and  b.  25  nm. 
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Figure  3.  Emission  current  histograms  for  readings  at  12V  bias  in  the  voltage  ramp 
cycles  at  different  insulator  thicknesses-  c.  30  nm,  and  d.  40  nm. 
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shows  that  a  larger  fraction  of  readings  with  emission  current  less  than  100  pA  is 
observed  for  the  30  nm  than  the  25  nm  insulator  thickness,  The  performance  of  the  cold 
cathode  emission  after  10  hours  of  testing  for  the  different  insulator  thicknesses  is 
summarized  in  table  2,  and  indicates  the  fractions  for  readings  recorded  below  500  pA 
and  for  readings  recorded  above  1000  pA.  The  data  suggests  that  the  optimal  insulator 
layer  thickness  is  25  nm  considering  both  magnitude  and  longevity  of  emission  current. 
The  observation  that  the  optimal  device  performance  is  at  an  intermediate  insulator  layer 
thickness  is  consistent  with  the  expected  performance  at  the  extremes  of  the  thickness 
range  for  the  insulator.  At  smaller  thicknesses  the  advantage  of  higher  charge  injection 
due  to  strong  fields  across  the  insulator  is  offset  by  an  accelerated  breakdown  of  the 
insulator,  while  at  larger  insulator  thickness  the  longevity  of  the  emission  current  is  offset 
by  lower  cold  cathode  emission. 


Table  2 

Performance  of  cold  cathode  emission  after  10  hours  of  testing  -  variation  of 

insulator  thickness 


Thickness  (nm) 

Total  fraction  below  500  pA 

Total  fraction  above  1000 

PA 

20 

0.44 

0.52 

25  (#1) 

0.26 

0.70 

25 (#2) 

0.34 

0.64 

30 

0.32 

0.57 

40 

0,91 

0.03 

3.1.3.  Variation  of  pressure  of  20%  Oxygen/Argon  pressure  for  reactive  evaporation 
of  the  insulator  (SiO*) 

Reactive  evaporation  of  Si(>2  insulator  layer  results  in  non-stoichiometric  films. 
The  stoichiometry  of  the  oxide  insulator  layer  will  determine  the  quality  of  the  insulating 
layer  in  the  device  and  have  an  effect  on  the  performance  of  the  cold  cathode,  The  SiOi 
layer  was  reactively  evaporated  in  a  20%  Oxygen/Argon  environment  at  two  background 
pressures  of  IxlO'6  Torr  and  8x1 0'6  Torr.  In  both  experiments,  the  thicknesses  of  the 
SiC>2  insulator  layer  and  the  top  Gold  electrode  were  25  nm.  The  results  for  reactive 
evaporation  of  insulator  layer  at  1  x  1 0'6  Torr  in  a  background  of  20%  Oxygen/Argon 
mixture  have  been  presented  in  the  earlier  sections.  Figure  4  shows  the  histograms  for 
reactive  evaporation  of  SiC>2  at  the  two  Oxygen/Argon  pressures.  Emission  current 
readings  are  recorded  in  the  1000-5000  pA  range  even  in  the  early  time  bins  for 
experiment  at  Ixl  O'6  Torr  compared  to  that  at  8x1  O'6  Torr,  and  the  highest  observed 
fraction  in  the  same  range  reaches  above  70%  for  the  3-6  hours  time  bin.  The  device 
performance,  in  terms  of  magnitude  of  the  emission  current,  for  the  experiment  at  8x1  O'6 
Torr  improves  after  test  duration  greater  than  15  hours.  A  comparison  the  histograms  for 
experiments  at  the  two  pressures  after  15  hours  of  testing  shows  that  devices  in  the  8x  1  O'6 
Torr  experiment  outperform  devices  in  the  1x10 Torr  experiment  with  regard  to  the 
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Figure  4.  Emission  current  histograms  for  readings  at  12V  bias  in  the  voltage  ramp 
cycles  for  reactive  evaporation  of  Si(>2  at  different  background  pressures  of  20% 
Oxygen/Argon  mixture-  a.  lxl O'6  Torr,  and  b.  8xl0‘6  Torr. 
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magnitude  of  the  emission  current.  The  cold  cathode  emission  performance  of  the 
devices  fabricated  in  the  two  experiments,  each  experiment  carried  out  at  either  lxlO'(> 
Ton  or  8x1  O'6  Ton  20%  Oxygen/  Argon  environment  for  reactive  evaporation  of  the 
Si02  layer,  is  presented  in  table  3.  After  10  hours  of  testing,  the  fraction  of  emission 
cunent  readings  above  1000  pA  is  similar  for  devices  fabricated  in  the  two  experiments. 
Since  evaporating  in  a  higher  background  pressure  of  the  oxygen  mixture  results  in 
shorter  time  to  failure  for  the  electron  gun  filament  of  the  evaporator,  the  SiO:  insulator 
layer  was  reactively  evaporated  at  1  x  I  O'6  Ton  in  a  background  pressure  of  20% 
Oxygen/Argon  for  all  subsequent  experiments. 


Table  3 

Performance  of  cold  cathode  emission  after  10  hours  of  testing  -  variation  of 
background  pressure  of  20%  Oxygen/Argon  for  reactive  evaporation  of  Si(>2  layer 


Pressure  (Torr) 

Total  fraction  below  500  pA 

Total  fraction  above  1000 
pA 

lxlO'6  (#1) 

0.26 

0.70 

1  x  1  O'6  (#2) 

0.34 

0.64 

8x1  O'6 

0.30 

0.70 

3.2.  Improvements  in  cold  cathode  performance  and  characterization  scheme 

The  variation  of  the  fabrication  parameters  for  Ti/SiO,/Au  devices,  described  in 
the  previous  sections,  suggest  that  the  fabrication  procedure  for  optimal  cold  cathode 
performance  consists  of  reactive  evaporation  of  250  A  SiC>2  layer  in  an  environment  of 
20%  Oxygen/Argon  at  a  pressure  of  lxlO'6  Torr,  followed  by  deposition  of  250  A  thick 
layer  of  Gold  as  the  top  metal  electrode.  The  composition  of  the  interface  is  expected  to 
influence  the  magnitude  of  charge  injected  at  the  metal/insulator  interface.  Experiments 
were  carried  out  to  test  the  role  of  interface  on  charge  injection,  and  it  was  found  that 
devices  composed  of  Ti/Au/SiO*/Au  devices  emitted  at  higher  currents  than  Ti/SiO„/Au 
devices.  All  subsequent  characterization  of  cold  cathode  performance  was  done  for 
Ti/Au/SiO,/Au  devices  since  they  showed  enhanced  emission  current. 

In  addition  to  recording  the  total  emission  current  at  a  series  of  voltage  biases 
applied  across  the  metal  electrodes  of  the  device,  both  the  electron  energy  distributions 
and  the  device  currents  were  measured  as  a  function  of  the  voltage  bias.  Two 
improvements  in  experimental  design  for  device  fabrication  provided  accurate 
measurements  of  energy  distributions  and  device  currents.  Instead  of  fabricating  a 
maximum  of  24  devices  on  each  glass  substrate,  only  12  devices  were  fabricated  and 
tested  in  each  experiment.  The  reduced  density  of  fabricated  devices  on  the  glass 
substrate  mitigated  the  effects  of  electric  field  imposed  due  to  voltages  on  the  metal 
electrodes,  especially  the  top  metal  electrode,  in  the  vicinity  of  the  device  under  test. 
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This  scheme,  of  fabricating  only  12  devices  on  the  glass  substrate,  also  helped  in 
implementing  an  improvement  in  accuracy  of  device  current  measurements.  Figure  5 
shows  an  array  of  12  devices. 


l — @ - 1 


“Virtual  Device”  (no 
top  electrode) 
registers  device 
current. 


Figure  S,  Diagram  depicting  application  of  voltage  bias  across  a  pair  of  pre¬ 
patterned  Gold  electrodes,  where  the  top  metal  electrode  for  device  is  absent. 


As  shown  in  fig.  5,  non-zero  devices  currents  were  measured  when  voltage  bias 
was  applied  between  a  pair  of  pre-pattemed  Gold  electrodes  across  a  “virtual  device”, 
i.e.,  where  a  top  electrode  does  not  exist.  The  source  of  this  error  was  due  to  thinning  of 
the  deposited  layers  at  the  edges  of  the  mask  as  illustrated  in  fig.  6,  and  was  confirmed  by 
depositing  sequential  layers  of  the  device  in  a  displaced  fashion  (also  shown  in  fig.  6). 


Thinning  of  insulator 

a  Metal 


No  “edge  effect 


Insulator 
Metal 


Figure  6.  Fabrication  of  MIM  device  to  avoid  thinning  of  device  layers  at  the  edges 
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No  device  currents  were  recorded  for  “virtual  devices”  in  the  control  experiment 
since  electrical  breakdown  initiated  by  bias  applied  across  thinned  layers  of  the  device 
was  eliminated.  Since  the  initial  combinatorial  screening  experiments  had  already 
identified  the  optimal  layer  thicknesses  and  composition  for  best  cold  cathode 
performance,  a  simple  mask,  that  patterns  only  3  devices  on  the  glass  substrate  and 
eliminates  thinning  of  the  layers  at  the  edges  of  the  active  device  area,  was  employed  for 
experiments  described  in  the  subsequent  sections. 


3.3.  Characterization  of  cold  cathode  performance  for  Ti/Au/SiO,/Au  devices 

The  electrical  characterization  of  Ti/Au/SiO*/Au  devices  is  described  in  the 
following  sections.  In  all  the  experiments  described  in  the  subsequent  sections,  the 
optimal  device  fabrication  parameters  described  in  an  earlier  section  were  used.  Devices 
were  fabricated  with  an  insulator  thickness  of  250  A  SiO*  deposited  by  reactive 
evaporation  at  lx]  O'6  Torr  in  a  background  pressure  of  20%  Oxygen/Argon,  and  250  A  of 
Gold  was  deposited  as  the  top  metal  electrode.  The  characterization  of  cold  cathode 
performance  consisted  of  device  current  measurements  as  a  function  of  voltage  bias, 
longevity  of  emission  current,  and  electron  energy  distributions  at  a  series  of  voltage 
biases. 

3.3.1,  Voltage  ramp  cycles  for  device  current  measurement-  Ti/Au/SiO,/Au 

When  a  voltage  bias  is  applied  across  the  MIM  device,  a  device  current  is 
established  between  the  metal  electrodes.  The  device  current  measurements  were  made 
by  applying  voltage  ramp  cycles  between  4- 14V  to  the  biased  device.  Interestingly, 
differences  in  I-V  curves  were  observed  even  in  back  to  back  voltage  ramp  cycles.  Some 
I-V  curves,  typically  the  early  voltage  ramp  cycles,  displayed  negative  differential 
resistance,  i.e,,  device  current  decreased  with  increasing  voltage  bias.  More  reproducible 
I-V  curves  were  observed  in  the  later  ramp  cycles.  The  l-V  curves  showed  a  hysteresis 
when  comparing  I-V  data  for  increasing  voltage  biases  from  4V  to  14V  versus  decreasing 
biases  from  14V  to  4V  in  the  ramp  cycle.  Figure  7  shows  an  example  for  the  I-V  curves 
where  the  biased  MIM  device  was  cycled  through  5  consecutive  voltage  ramp  cycles 
spanning  4- 14V. 

Prior  to  these  voltage  ramp  cycles,  the  device  had  undergone  several  similar 
rounds  of  testing,  and  the  voltage  bias  was  turned  off  after  these  tests.  The  device  current 
at  each  voltage  step  is  an  average  of  acquisition  over  10  s.  In  the  first  voltage  ramp  cycle, 
onset  of  negative  differential  resistance  is  observed  at  10V  and  the  i-V  curve  in  the 
decreasing  voltage  ramp  from  14V  to  4V  traces  a  different  curve  than  the  increasing 
voltage  ramp  from  4V  to  14V.  Subsequent  to  the  first  voltage  ramp  cycle,  the  I-V  curves 
are  very  simitar  and  display  hysteresis  for  increasing  versus  decreasing  voltage  biases  in 
the  ramp  cycle.  The  hysteresis  in  voltage  ramp  cycles  suggests  trapped  charge  in  the 
insulator.  Further,  the  observed  negative  differential  resistance  might  be  due  to  filling  of 
trap  states  in  the  insulator.  These  hypotheses  are  consistent  with  the  expectation  that 
reactive  evaporation  of  silicon  dioxide  results  in  non-stoichiometric  oxide  films. 
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Figure  7.  Device  current  versus  voltage  bias  for  5  consecutive  voltage  ramp  cycles 


The  observed  device  current  in  the  voltage  ramp  cycles  should  be  linked  to  the 
mechanism  for  electron  transport  across  the  insulator  in  the  MIM  device.  As  a  first 
attempt  to  suggest  a  transport  mechanism,  the  device  current  data  presented  in  fig.  7  were 
fit  to  two  mechanisms-  Poole  Frenkel  and  Schottky.  The  Poole-Frenkel  mechanism  is  a 
bulk  limited  mechanism  where  carriers  are  injected  into  the  conduction  band  of  the 
insulator  from  trap  states  in  the  insulator  by  field-assisted  lowering  of  the  energy  barrier. 
On  the  other  hand,  the  Schottky  mechanism  is  an  interface  limited  mechanism  where  the 
electrons  are  injected  from  the  Fermi  level  of  the  metal  electrode  into  the  conduction 
band  of  the  insulator  via  thermal  excitation.  Figure  8  shows  the  Poole-Frenkel  and 
Schottky  plots  for  the  fifth  voltage  ramp  cycle  presented  in  fig.  7.  From  the  Schottky  and 
Poole  Frenkel  plots,  presented  in  fig.  8,  the  dielectric  constant  for  the  insulator  can  be 
estimated.  The  predicted  dielectric  constant  by  the  Poole-Frenkel  plot  is  218.4,  while  the 
dielectric  constant  predicted  by  the  Schottky  plot  is  24.2.  These  values  are  over 
estimated  since,  depending  on  the  stoichiometry  of  the  deposited  insulator  silicon 
dioxide,  the  expected  value  for  the  dielectric  constant  is  in  the  range  from  ~  4  (S1O2 )  to  ~ 
6  (SiO).  The  prediction  of  higher  dielectric  constant  might  be  due  to  several  factors.  If 
the  insulator  thickness  has  large  variations  across  the  device,  then  fixing  the  insulator 
thickness  to  a  value  predicted  by  the  quartz  crystal  monitor  might  not  be  a  good 
approximation.  Alternatively,  the  higher  apparent  dielectric  constant  might  suggest 
trapped  charge  in  the  oxide. 
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Figure  8.  Poole-Frenkel  and  Schottky  plots  for  device  current 


Several  other  transport  mechanisms  exist  in  the  literature.  For  instance,  the 
Fowler-Nordheim  mechanism  describes  the  transport  by  direct  tunneling  from  the  Fermi 
level  of  the  injection  metal  electrode  to  the  conduction  band  of  the  insulator.  A  Fowler- 
Nordheim  plot  shown  in  Fig.  9,  for  the  data  discussed  in  fig.  8,  indicated  change  in  the 
slope  at  different  field  strengths  applied  across  the  insulator.  This  might  indicate 
contributions  of  multiple  transport  mechanisms,  and  also  possible  differences  in  transport 
in  low  versus  high  field  regimes. 


Figure  9.  Fowler-Nordheim  plot  for  device  current 
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3.3.2.  Effect  of  temperature  on  device  current-  Ti/Au/SiO,/Au 

In  a  separate  experiment,  the  I-V  curves  for  the  device  current  were  recorded  at  a 
series  of  different  device  temperatures.  The  substrate,  on  which  the  MIM  devices  are 
fabricated,  is  in  contact  with  a  button  heater.  The  substrate  with  fabricated  devices  was 
heated  for  30  minutes  and  the  voltage  bias  across  the  MIM  device  under  lest  was  turned 
on.  The  test  consisted  of  5  voltage  ramp  cycles  to  record  the  device  current  versus 
voltage  bias.  After  the  completion  of  the  voltage  ramp  cycles,  the  voltage  bias  across  the 
MIM  device  was  turned  off  and  the  substrate  was  heated  to  a  higher  temperature  for  30 
minutes,  followed  by  device  current  measurements.  In  each  case,  the  voltage  bias  across 
the  device  was  turned  on  only  during  acquisition  of  the  device  current  data.  The  data  for 
the  last  voltage  ramp  cycle  was  compared  at  different  temperatures.  Figure  10  shows  the 
I-V  device  current  data  plotted  as  Schottky  and  Poole-Frenkel  plots  at  different 
temperatures. 
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Figure  10.  Schottky  and  Poole-Frenkel  plots  at  different  substrate  temperatures 


For  both  Schottky  and  Poole-Frenkel  plots,  the  slope  for  the  room  temperature 
data  is  different  compared  to  slope  for  the  data  at  higher  temperatures.  Also,  at  a  given 
temperature,  the  slope  changes  when  comparing  data  for  low  versus  high  field  regime. 
The  change  in  slope  in  these  plots  again  suggests  contribution  of  multiple  transport 
mechanisms. 


3.3.3.  Electron  energy  distributions-  Ti/Au/SiO,/Au 

In  experiments  reported  in  previous  progress  reports,  electron  energy  distributions 
for  Ti/SiCVAu  were  presented.  The  electrical  performance  of  the  devices  was 
characterized  both,  as  a  function  of  thickness  of  the  insulator  and  the  top  metal  electrode, 
and  as  a  function  of  the  background  pressure  of  the  chamber  during  reactive  evaporation 
of  silicon  dioxide  in  a  reactive  atmosphere  of  Oxygen/Argon  mixture.  Devices  that  were 
fabricated  in  a  background  chamber  pressure  of  lxl O'"  Torr  of  20%  Oxygen/Argon 
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mixture  during  reactive  evaporation  of  silicon  dioxide,  combined  with  thickness 
parameters  of  250  A  for  the  insulator  and  250  A  for  the  top  metal  electrode,  performed 
optimally  in  terms  of  total  emission  current  and  reliability  of  fabrication.  In  the  current 
experiments,  it  was  found  that  the  emission  from  Ti/Au/SiO*/Au  devices  was  higher  than 
that  from  Ti/SiOx/Au  devices.  Electron  energy  distributions  were  acquired  by  varying 
the  insulator  thickness.  The  mean  energy  for  the  exoeleclrons  energy  distributions  for 
devices  with  different  insulator  thicknesses  as  a  function  of  the  applied  voltage  bias 
across  the  metal  electrodes  is  shown  in  fig.  11. 
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Figure  11.  Mean  electron  energy  of  the  distribution  versus  voltage  bias  for  different 
insulator  thicknesses. 


The  mean  energy  for  the  exoelectron  energy  distributions  increases  with 
increasing  voltage  bias,  and  the  mean  energy  of  the  emission  distribution  from  the  MIM 
device  is  higher  for  an  insulator  thickness  of  250  A  compared  to  I50A.  A  similar  trend 
was  observed  for  the  Ti/SiO,/Au  devices.  Figure  1 1  illustrates  larger  variations  in  mean 
energy  at  a  given  voltage  bias  for  devices  with  insulator  thickness  of  1 50  A  compared  to 
devices  with  an  insulator  thickness  of  250  A.  Considering  the  reproducibility  of  the 
mean  energy  trend  for  devices  with  insulator  thickness  of  250  A,  subsequent  tests  were 
performed  on  devices  fabricated  with  250  A  silicon  dioxide  insulator  thickness. 
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3.3.4.  Relaxation  effects  in  device  and  emission  currents-  Ti/Au/SiO,/Au 

The  studies  on  Ti/SiOx/Au  MIM  devices  were  done  by  patterning  12  devices  on 
the  glass  substrate.  When  a  forward  voltage  bias  is  applied  across  the  metal  electrodes  of 
the  MIM  device  under  test  to  observe  vacuum  emission,  the  other  devices  in  the  array  are 
either  reverse  biased,  not  biased  (i.e.,  no  potential  difference  between  the  metal 
electrodes)  or  forward  biased  at  less  than  5V.  This  arrangement  ensures  that  only 
emission  from  the  forward  biased  MIM  device  is  observed.  However,  it  was  found  that 
the  magnitude  of  total  emission  seemed  to  depend  on  the  bias  history  of  the  device,  and 
enhanced  emission  was  found  in  many  instances  after  applying  other  bias  polarities 
before  returning  to  a  forward  bias  test.  In  the  current  set  of  experiments,  only  3  devices 
are  fabricated  and  all  the  devices  share  a  common  bottom  electrode,  while  each  device 
has  a  separate  top  electrode.  A  voltage  bias  was  applied  to  only  one  device  at  a  time,  and 
the  bias  was  alternated  between  forward  bias,  where  vacuum  emission  is  possible,  and 
reverse  bias,  where  electron  emission  will  not  be  observed.  Figure  12  shows  both  the 
device  and  emission  currents  as  a  function  of  time  at  a  voltage  bias  of  12  V  applied 
between  the  metal  electrodes  of  the  device.  Every  60  minutes  the  voltage  bias  is 
alternated  between  forward  and  reverse  bias.  The  forward  bias  data  for  device  and 
emission  currents  that  follow  after  a  reverse  bias  period  show  enhanced  emission.  Both 
the  device  and  emission  currents  relax  to  lower  values  compared  to  initial  values  during 
the  forward  bias  tests.  A  related  study  of  MIM  devices  for  flat  panel  display  applications 
observed  increased  longevity  of  emission  and  reduced  degradation  of  the  devices  when 
reverse  bias  pulses  where  applied  during  tests  for  vacuum  emission.3  The  reduction  of 
charge  accumulation  in  the  insulator  was  suggested  to  play  a  role  in  the  increased 
longevity  of  the  devices. 
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Figure  12.  Device  and  emission  currents  versus  time  for  alternating  voltage  biases 
a.  starting  with  forward  bias,  and  b.  starting  with  reverse  bias 
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3.3.5.  Lifetime  test  for  emission  current-  Ti/Au/SiO,/Au 

Another  set  of  experiments  were  performed  to  evaluate  longevity  of  electron 
emission  when  a  constant  voltage  bias  was  applied  between  the  metal  electrodes  of  the 
MIM  for  extended  periods  of  time.  As  described  earlier,  three  MIM  devices  were 
fabricated  on  the  glass  substrate.  Each  device  had  no  voltage  bias  history  prior  to  the  test. 
A  constant  voltage  bias  of  1 2  V  was  applied  for  typically  90  minutes,  and  the  forward 
bias  periods  were  alternated  with  periods  of  1 5-60  minutes  of  no  bias  where  the  voltage 
bias  applied  across  the  MIM  device  was  turned  off.  The  application  of  constant  forward 
bias  alternated  with  no  bias  will  provide  information  on  how  the  MIM  devices  perform  in 
terms  of  electron  emission  over  extended  periods  of  testing.  Also,  the  yield  as  a  function 
of  time  was  determined  from  the  tests  by  taking  the  ratio  of  the  emission  current  to  the 
device  current.  The  forward  biased  device  under  test  was  positioned  over  the  entrance  to 
the  hemispherical  energy  analyzer.  The  emission  current  was  collected  at  the  first  ion- 
optic  of  the  einzel  lens  at  the  entrance  of  energy  analyzer  assembly,  and  the  first  ion-optic 
of  the  einzel  lens  was  connected  to  ground  through  a  kiethley  electrometer.  This  setup 
allowed  for  the  simultaneous  acquisition  of  electron  energy  distributions  during  the  tests. 
Figure  13  shows  the  emission  current  and  yield  as  a  function  of  time  for  the  tested 
devices.  The  MIM  devices  biased  at  constant  voltage  bias  displayed  sustained  emission 
currents  over  long  periods.  The  yield,  defined  as  the  ratio  of  emission  current  to  device 
current,  is  between  10'5  and  I  O'6,  and  is  initially  high.  The  emission  current  collected  by 
a  parallel  plate  assembly  biased  at  50V  that  collects  all  the  emitted  electrons  was 
compared  to  the  collection  efficiency  at  the  first  ion-optic  of  the  einzel  lens.  It  was  found 
that  the  collection  efficiency  at  the  einzel  lens  was  between  25-50%.  Hence,  the  actual 
yield  could  be  higher  by  a  factor  of  2-4.  Each  device  has  an  area  of  ~  4  mm2. 

Considering  the  best  performing  device  in  this  experiment  (~  10  nA  emission  current)  at 
a  constant  voltage  bias  of  1 2V  and  the  area  of  the  device  (~  4  mm2),  the  emission  current 
density  is  calculated  to  be  2.5  mA/m2. 


3.3.6.  Emission  current-Normalized  energy  distributions  at  series  of  voltage  biases- 
Ti/Au/SiO„/Au 

The  shape  of  the  energy  distributions  will  be  sensitive  to  the  fluctuations  in  the 
emission  current.  A  normalization  of  the  raw  counts  in  the  energy  scan  by  the  emission 
current  acquired  during  the  scan  will  correct  for  the  distortions  in  the  shape  due  to 
fluctuations  in  emission  current.  Figure  1 4a  shows  the  emission  current  normalized 
energy  distributions  at  a  scries  of  voltage  biases.  Each  scan  is  an  average  of  5  emission- 
current  normalized  scans  and  shows  the  broadening  of  the  energy  distributions  at  higher 
applied  bias.  Also,  the  peak  of  the  energy  distributions  is  tunable  as  a  function  of  the 
voltage  bias  and  is  shown  in  fig.  14b,  The  area  of  the  normalized  scan  increases  with 
applied  voltage  bias  between  the  metal  electrodes  of  the  MIM  device.  This  might  be 
explained  by  the  energy  dependent  transmission  efficiency  of  the  hemispherical  energy 
analyzer. 
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Figure  13.  Emission  current  and  yield  versus  time  at  constant  applied  voltage  bias  of 
12V 
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Figure  14a.  Emission-current  normalized  energy  distributions  at  a  series  of  voltage 
biases 


Figure  14b.  Peak  energy  of  the  distribution  at  different  applied  voltage  biases 
between  the  metal  electrodes  of  the  MIM  device 
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3.3.7.  Transmission  efficiency  of  hemispherical  energy  analyzer-  Ti/Au/SiO,/Au 

The  hemispherical  energy  analyzer  has  an  energy  dependent  transmission 
function  that  attenuates  the  transmission  of  low  energy  electron.  In  the  experiments 
discussed  in  the  previous  sections,  the  top  metal  electrode  was  held  at  a  constant  voltage 
of  -4.8  V,  while  a  voltage  bias,  ranging  from  4  V  to  14  V,  was  applied  between  the  top 
and  the  bottom  metal  electrodes  of  the  M1M  device.  Since  the  top  metal  electrode  is  held 
at  a  constant  voltage  of  -4.8  V,  electrons  emitted  from  the  forward  biased  M1M  device 
with  a  kinetic  energy  of  0  eV  will  gain  an  additional  4.8  eV  energy  when  accelerated  to 
the  first  ion-optic  clement  of  the  einzel  lens  held  at  ground  potential.  In  the  current 
experiment,  the  transmission  efficiency  of  the  detector  was  determined  empirically  by 
generating  vacuum  electron  emission  from  a  forward  biased  M1M  device.  A  constant 
voltage  bias  of  12  V  was  applied  between  the  top  and  the  bottom  metal  electrodes  of  the 
MIM  device,  and  a  series  of  energy  distributions  were  acquired  at  different  voltages  at 
the  top  metal  electrode  of  the  MIM  device.  Since  the  voltage  applied  between  the  metal 
electrodes  is  constant,  in  principle,  the  same  distribution  in  each  case  will  be  displaced 
along  the  energy  axis  depending  on  the  additional  energy  imparted  by  the  acceleration 
field  between  the  top  metal  electrode  and  the  first  ion-optic  element  of  the  entrance  einzel 
lens.  The  distributions  acquired  at  different  voltages  on  the  top  metal  electrode  were 
repeated  in  an  interspersed  manner  to  eliminate  any  systematic  drifts.  The  value  of  the 
emission  current-normalized  counts  at  the  peak  in  the  energy  distribution  was  plotted 
against  the  peak  energy  of  the  distribution.  This  represents  the  empirically  determined 
transmission  function  for  the  hemispherical  energy  analyzer.  A  function  of  the  form, 
A*(1-  e  B(*'C)),  was  fit  to  the  empirical  data.  Figure  15  shows  both  the  empirical  data  and 
the  best  fit  for  the  transmission  function. 


Figure  15.  Empirically  determined  transmission  function  for  the  hemispherical 
energy  analyzer 
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The  data  points  for  the  transmission  function  show  larger  variations  in  normalized 
peak  counts  at  higher  electron  energies.  Nonetheless,  the  data  clearly  demonstrates  a 
strong  attenuation  of  low  energy  electrons.  Also,  the  best  fit  curve  for  transmission 
efficiency  traces  the  trend  of  strong  attenuation  at  low  electron  energies  and  constant 
transmission  efficiency  at  high  electron  energies.  The  previous  experiments  were  done 
with  a  constant  voltage  of  -4.8  V  applied  to  the  top  electrode,  Based  on  the  empirically 
derived  transmission  efficiency,  electrons  emitted  from  the  M1M  at  low  energies  in  the 
range  0-1  eV  will  be  filtered  out  of  the  detection  when  the  top  electrode  is  -4.8  V. 
Although  applying  a  constant  voltage  in  the  range  10-15  V  on  the  top  electrode  would 
ensure  a  constant  transmission  efficiency  regime,  the  range  of  electron  energies  that  can 
be  scanned  by  the  detector  is  limited  due  to  the  current  circuit  design  for  applying  the 
voltages  to  the  metal  electrodes  of  the  MIM  device.  In  order  to  detect  the  low  energy 
electrons,  electron  energy  distributions  were  acquired  at  a  series  of  voltage  biases  applied 
across  the  metal  electrodes  of  the  device  by  applying  a  constant  voltage  of  -6.5  V  to  the 
top  metal  electrode.  The  results  are  presented  in  the  next  section  and  the  electron  energy 
distributions  were  corrected  for  the  transmission  efficiency. 

3.3.8.  Transmission  corrected  normalized  distributions-  Ti/Au/SiO,/Au 

Electron  energy  distributions,  normalized  to  the  emission  current  during 
the  scans,  were  acquired  at  a  scries  of  voltage  biases  applied  across  the  metal  electrodes 
of  the  MIM  device.  The  energy  distributions  were  corrected  for  the  transmission 
efficiency  of  the  detector.  Figure  16a  shows  the  energy  distributions  at  different  voltage 
biases  applied  between  the  metal  electrodes  of  the  device.  The  electron  energy 
distribution  at  each  voltage  bias  in  fig.  1 6a  is  an  average  of  multiple  energy  scans,  where 
each  scan  is  normalized  to  the  emission  current  and  corrected  for  the  transmission 
efficiency  of  the  energy  analyzer.  The  area  of  the  energy  distribution  (for  data  presented 
in  fig.  16a)  versus  applied  voltage  bias  is  shown  in  fig.  16b.  The  area  of  the  normalized 
scan  increases  as  a  function  of  the  applied  voltage  bias,  and  decreases  for  energy 
distributions  recorded  at  the  highest  voltage  biases  of  13  V  and  14V.  The  scans  have 
already  been  corrected  for  energy  dependent  transmission  efficiency  of  the  energy 
analyzer.  One  possible  explanation  for  the  trend  observed  in  fig.  1 6b  might  be  due  to 
differences  in  both,  the  collection  efficiency  at  the  first  ion-optic  element  of  the  einzel 
lens  for  the  low  versus  high  energy  electrons,  and  energy-dependent  variation  of  the 
fraction  of  electrons  admitted  into  the  einzel  lens  entrance  of  the  detector  relative  to  the 
fraction  of  electrons  collected  at  the  first  ion-optic  element  of  the  einzel  lens. 
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Figure  16a,  Electron  energy  distributions  versus  voltage  bias.  Each  energy 
distribution  is  normalized  to  the  emission  current  and  corrected  for  transmission 
efficiency  of  the  detector. 


Figure  16b.  Area  of  energy  distribution  versus  voltage  bias  for  distributions 
normalized  to  emission  current  and  corrected  for  detector  transmission  efficiency. 
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3.4.  Discussion 


Early  studies  on  MIM  cold  cathodes  are  summarized  by  Hrach  in  a  review 
article.-1  When  voltage  bias  above  a  threshold  value  is  applied  between  the  metal 
electrodes  of  the  MIM  device  for  some  time,  the  device  undergoes  electro  forming,  which 
is  a  state  of  enhanced  conductivity,  and  features  including  Voltage  Controlled  Negative 
Resistance  (VCNR),  vacuum  electron  emission,  memory  effects  and  switching  are 
observed.  One  example  where  these  effects  are  observed  is  the  study  by  Khan  ct  al.  on 
Cu-SiOk-Cu  devices.5  The  conduction  mechanism  and  emission  process  has  been 
explained  by  several  theories.6'10  The  filamentary  model6  of  Dcamatey  et  al.,  that  is 
based  on  conduction  by  metallic  filaments  in  the  insulator,  has  been  used  by  Sharpe  and 
Palmer  to  model  the  electrical  properties  of  Cu-SiQ*-Cu  devices."  In  contrast  to  the 
filamentary  conduction  mechanism,  Thurstans  and  Oxley  have  proposed  that  the  forming 
process  creates  metallic  islands  in  the  insulator,  and  the  electron  transport  in  the  device  is 
mediated  through  activated  tunneling  mechanism  between  metallic  islands. q  Some 
groups  have  focused  their  study  on  vacuum  emission  and  proposed  mechanistic 
differences  between  emission  occurring  from  formed  versus  non-formed  sites  in  the  MIM 
cold  cathode.’ 2,1 5  In  our  study  presented  in  this  report,  we  have  characterized  the 
performance  of  Au-SiO,-Au  cold  cathodes.  Some  early  studies  on  Au-SiOx-Au  sandwich 
structures  were  carried  out  by  Gould  and  Hogarth. M' 15  Gould  and  Hogarth  electrically 
characterized  the  devices  and  suggested  that  a  highly  non-linear  electric  field  in  the 
insulator,  resulting  due  to  space  charge  in  the  insulator,  determines  the  conduction 
mechanism.  In  our  study  of  Au-SiOx-Au  devices,  in  addition  to  recording  the  device 
current,  we  have  studied  the  performance  of  cold  cathode  electron  emission  and  acquired 
the  energy  distributions.  The  ensuing  discussion  draws  on  results  for  MIM  sandwich 
structures  presented  in  the  literature  and  provides  a  qualitative  interpretation  of  our 
experimental  observations. 

The  conduction  mechanism  in  MIM  sandwich  structures  has  been  widely  studied, 
and  a  survey  of  studies  on  MIM  systems  with  oxide  insulator10,  should  provide 
insights  on  understanding  the  electron  transport  mechanism  in  our  study  on  Au-SiOx-Au 
MIM  devices.  In  particular,  studies  on  the  M-SiO-M  system16- 16  should  be  relevant  since 
we  employ  reactive  evaporation  of  SiO;  in  our  studies  that  result  in  non-stoichiometric 
SiO,  insulator  layers  in  the  MIM  sandwiches.  Hartman  et  al.  studied  conduction  in  Al- 
SiO-AI  structures  for  SiO  film  thickness  between  1000  and  10,000  A.lh  An  empirical 
equation  for  current  density  through  SiO  film  was  derived,  and  although  the  form  of  the 
empirical  equation  was  similar  to  equations  for  Poole-Frenkel  or  Schottky  conduction 
mechanisms,  parameters  like  activation  energy  and  dielectric  constant  derived  by 
assuming  either  of  the  mechanisms  were  not  in  agreement  with  measured  or  reported 
values  in  the  literature.  They  suggested  that  the  current- voltage  characteristics  could  be 
explained  by  O’Dwyer’s  theoretical  study20  that  derives  the  conduction  current  assuming 
space  charge  buildup  in  the  insulator  film.  Stuart  studied  the  Al-SiO-A!  system  and 
explained  the  conduction  mechanism  by  considering  donors  and  trap  states  in  the 
insulator.17  Further  evidence  of  interfacial  space  charge  in  M-SiO-M  structure  was 
provided  through  capacitance  versus  frequency  measurements  and  SEM  characterization 
by  Roger  et  al.18  The  cross  sectional  SEM  for  the  MIM  sandwich  at  different  applied 
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voltage  biases  demonstrated  the  existence  of  bias-dependent  high  field  interfacial  region 
in  the  SiO  close  to  the  positively  biased  metal  electrode.  In  addition  to  the  experimental 
studies  described  here,  several  theoretical  studies  have  considered  the  role  of  trap  states 
in  the  insulator  and  discussed  the  current-voltage  characteristics  for  MIM  structures.21 21 
In  another  study  on  a  related  system,  the  current  noise  in  Al/Al:(VAu  sandwiches,  with 
17  nm  thick  AI:Oj  film  in  each  MIM  structure,  was  studied  by  Ost’adal  et  al.19  The  study 
revealed  that  the  fluctuations  of  emission  and  leakage  (conduction)  current  were  not 
correlated,  and  an  analysis  of  the  fluctuations  in  leakage  current  indicated  space  charge 
fluctuations  in  the  insulator  as  the  noise  source.  The  challenges  in  identifying  the 
electron  transport  mechanism  in  MIM  device  is  evident  in  the  study  by  Sharpe  and 
Palmer10  who  suggested  different  transport  mechanisms  in  Cu-SiOx-Cu  devices  for  low 
versus  high  field  regime  by  trying  curve  fits  for  a  large  number  of  possible  mechanisms. 
At  voltages  below  10V  (insulator  thickness  between  300-500  A),  conduction  either  by  a 
one  dimensional  Poole-Frenkel  process  or  by  tunneling  between  adjacent  traps  was 
suggested,  while  at  voltages  above  10  V  an  additional  contribution  due  to  Fowler- 
Nordheim  tunneling  directly  into  the  conduction  band  of  the  insulator  explained  the 
observed  experimental  data.  The  electrical  characterization  of  Au-SiO,-Au  devices  in 
our  study  demonstrates  similar  trends  discussed  so  far,  where  fitting  the  data  to  either  the 
electrode-limited  Schottky  mechanism  or  bulk-limited  Poole-Frenkel  mechanism  did  not 
yield  the  correct  dielectric  constant.  Also,  common  with  the  studies  discussed  here,  both 
the  Schottky  and  Poole-Frenkel  plots  for  our  experimental  data  showed  two  linear  regions 
with  different  slopes  depending  on  the  voltage  regime,  suggesting  that  multiple  transport 
mechanisms  influenced  by  the  space  charge  in  the  insulator  might  be  responsible  for  the 
conduction  process. 

The  presence  of  trap  states  in  the  insulator  layer  of  the  MIM  structure  and  its 
influence  on  the  electrical  properties  has  been  discussed  in  the  literature.  Two  studies29'25 
presented  in  the  literature  are  particularly  relevant  in  understanding  our  experimental 
observations.  Suzuki  el  al.  developed  a  scheme  to  characterize  the  quality  of  the 
tunneling  insulator  in  MIM  cold  cathodes  by  I-V  measurements  at  low  electrical  stress.2'1 
A  pulsed  low  voltage  bias  was  applied  between  the  metal  electrodes  and  the  current  was 
monitored  as  a  function  of  time  after  the  initial  charging  current  to  the  MIM  capacitor 
had  diminished.  A  relaxation  current  proportional  to  inverse  of  the  elapsed  time  was 
observed.  This  observed  time  dependence  was  ascribed  to  charge  injection  from  the 
bottom  electrode  to  unoccupied  trap  states,26  "7  and  the  constant  of  proportionality, 
related  to  the  number  of  unoccupied  trap  states,  was  used  to  access  the  quality  of  the 
insulator.  In  a  different  study  by  Ramprasad,27  simultaneous  contributions  from  multiple 
transport  mechanisms  was  modeled  for  metal-insulator-mctal  capacitor  systems,  and  both 
J-t  and  J-V  (J  is  the  current  density)  characteristics  were  predicted,  The 
phenomenological  theory  used  parameters  typical  for  TaO*  capacitors  and  oxide 
thickness  of  several  hundred  angstroms.  The  model  included  trap-assisted  tunneling, 
Schottky  effect  and  a  modified  Poole-Frenkel  mechanism  that  accounts  for  the  lime 
varying  trapped  electrons  in  the  insulator.  The  short  time  behavior  of  the  current  density 
shows  an  inverse  relation  to  time  and  is  attributed  to  trap-assisted  tunneling,  while,  at 
later  time,  the  principal  contribution  is  due  to  Schottky  and  modified  Poole-Frenkel 
effects.  These  studies  are  relevant  to  interpreting  experimental  data  on  Au-SiOx-Au 
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devices  presented  in  this  report.  At  a  constant  voltage  bias  applied  between  the  metal 
electrodes  of  the  MIM  device,  relaxation  in  device  current  was  observed  with  time  as 
shown  in  fig.  12.  In  many  instances,  the  relaxation  observed  in  the  emission  current 
could  be  scaled  by  constants  to  resemble  the  relaxation  in  the  device  current. 
Interestingly,  alternating  the  voltage  bias  between  forward  and  reverse  voltage  biases 
increased  the  magnitudes  of  the  device  and  emission  currents  before  the  currents  relaxed 
again.  The  increase  in  the  magnitude  of  the  currents  following  test  with  reverse  voltage 
bias  might  be  due  to  emptying  of  the  trap  states  in  the  insulator.  This  explanation  has 
been  suggested  in  some  studies.3,24  Suzuki  et  al.3  studied  the  effect  of  applying  different 
reverse  voltage  pulses  on  the  diode  current  monitored  as  a  function  of  time,  and 
suggested  an  optimized  AC  driving  method  for  improving  lifetime  of  the  cathode.  As 
discussed  by  Ramprasad,25  the  J-t  behavior  affects  the  J-V  characteristics  and  depends  on 
the  measurement  interval.  One  interesting  feature  in  the  diode  current  versus  voltage  bias 
plot  is  a  Voltage  Controlled  Negative  Resistance  (VCNR),  shown  in  fig.  7,  and  has  been 
observed  in  other  studies.5,15,28  The  studies  of  both,  Gould  and  Hogarth15,  and  Khan  and 
Hogarth,5  explained  VCNR  based  on  the  filamentary  model,  where  VCNR  occurs  due  to 
rupture  of  filaments  at  high  voltage  biases.  Both  studies  reported  disappearance  of 
negative  resistivity  on  repeated  voltage  traces  at  temperatures  below  a  critical  value. 
Sakemura  et  al.  injected  charge  from  a  Si  layer  into  SiO*  layer  and  reported  high  electron 
emission  efficiency  for  the  electron  emitter.28  Similar  to  our  observations  in  fig.  7, 
Sakemura  et  al.  observed  VCNR  and  hysteresis  behavior  in  the  device  current 
characteristics,  and  VCNR  disappeared  in  the  subsequent  voltage  cycles.  An  alternative 
explanation  to  the  filamentary  model  to  explain  VCNR  could  be  the  dynamics  of  filling 
and  emptying  of  trap  states.  Chen  et  al.29  have  studied  the  influence  of  trapped  charges 
on  stress  induced  leakage  current  in  SiO:  thin  films,  and  suggested  that  the  negative 
differential  resistance  arises  due  to  release  of  trapped  electrons  in  the  gate/oxide  interface 
region  during  I-V  measurement. 

The  filamentary  model  for  conduction  implies  local  paths  of  high  conductivity 
that  are  responsible  for  the  emission  from  cold  cathodes.  Sharpe  and  Palmer"’  estimated 
the  emission  area  to  be  10' 14  m2  from  the  Fowler-Nordheim  plots  for  their  experimental 
data  on  Cu-SiO,-Cu  devices.  In  the  context  of  possible  localized  sites  in  cold  cathode 
emission,  it  is  worthwhile  to  discuss  some  studies  reported  in  the  literature,13, 3()'31  carried 
out  at  a  microscopic  level,  that  offer  useful  mechanistic  insight.  Ohtsuka  et  al.  observed 
the  emission  from  Al-AIO*-Pl  electron  emitters  (50  pm  diameter)  using  a  photoelectron 
emission  microscope  in  a  UHV  chamber.  The  emission  pattern  consisted  of  sharp  spots 
with  diameter  of  ~  3  pm.  An  analysis  of  the  emission  current  intensity  fluctuations  for 
each  individual  spot  revealed  two  different  power  spectra  for  the  fluctuations,  where  one 
spectrum  was  related  to  high  emission  spots  from  formed  sites,  and  the  other  spectrum 
was  assigned  to  low  emission  spots  from  non-formed  sites.  The  fluctuations  in  leakage 
current  were  also  recorded.  Since  electron  transport  in  the  cold  cathode  occurs  across  the 
insulator  layer  separating  the  metal  layers,  the  microscopic  properties  of  the  insulator 
should  play  a  role  in  the  observed  fluctuations.  The  results  presented  in  two  different 
studies  on  SiOj  carried  out  using  microscopy  offer  additional  mechanistic  insights. 3(1 31 
Ludekc  and  Wen’0  performed  Ballistic  Electron  Emission  Microscopy  (BE EM)  by 
injection  of  electrons  from  a  STM  tip  into  the  metal  gate  of  a  MOS  structure.  The  oxide 
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in  the  MOS  structure  was  71  A  thick  thermally  grown  SiCb  layer.  The  local  potential 
experienced  by  the  injected  electrons  is  strongly  affected  by  the  trapped  charge,  and 
determination  of  the  threshold  voltage  to  observe  a  collector  current  helps  in  deducing  the 
approximate  location  of  the  charge  in  the  oxide,  Spatial  variations  in  the  threshold 
voltage,  as  high  as  2  eV,  were  observed  on  the  nanometer  scale  and  magnitude  of  the 
threshold  voltage  at  a  given  spatial  location  depended  on  the  history  of  electron  beam 
exposure  in  the  same  area.  In  the  same  study,  the  trapped  charge  was  modeled  as  a  scries 
of  parallel  charge  sheets  and  the  potential  distribution  in  the  oxide,  that  was  consistent 
with  the  observed  threshold  voltages,  was  derived.  The  derived  potential  in  the  oxide 
was  inhomogeneous  as  a  function  of  the  distance  from  the  metal-oxide  interface.  Similar 
spatial  variations  in  electrical  properties  at  a  microscopic  level  were  revealed  in  a  study 
by  Pakes  et  al.  where  Conductive  Atomic  Force  Microscopy  (CAFM)  was  employed  to 
image  quasibreakdown  sites  in  native  Si02  films  (~  3  nm).31  Local  current- voltage 
spectroscopy  was  performed  using  contact  mode  AFM,  and  low  biases  were  applied  to 
avoid  creation  of  additional  traps  and  unravel  the  role  of  native  traps  in  quasibreakdown 
fluctuations  in  the  tunneling  current.  Enhanced  local  conductivity  regions,  on  the  order 
of  100  nm2,  were  observed.  The  model  for  the  tunnel  current  included  a  conduction  path 
between  n  identical  tunnel  junctions.  The  fluctuations  in  the  tunnel  current  were 
attributed  to  charge-noise  effects  in  trap  states  within  the  conduction  path.  Similar  effects 
are  expected  in  the  Au-SiO*-Au  devices  studied  in  our  experiments  since  the  SiOx  layer, 
owing  to  its  non-stoichiometry,  has  a  high  trap  density. 

Several  studies  on  optimization  of  cold  cathode  performance  have  been  reported 
in  the  literature.52'35  Kusunoki  increased  the  emission  current  from  MIM  cathode  by 
using  a  multilayer  Ir-Pt-Au  as  the  top  electrode.3'  The  Ir  layer  ensured  durability,  Pt 
layer  prevented  intermixing,  and  Au  layer  was  best  suited  due  to  the  long  mean  free  path. 
Since  we  employ  electron  beam  evaporation,  deposition  of  the  same  multilayer 
composition  is  not  feasible.  In  our  studies,  we  have  screened  for  Ti/Au  and  Cr/Au,  with 
Ti  or  Cr  as  the  wetting  layer  on  the  insulator,  and  compared  with  the  cold  cathode 
performance  for  Au  as  the  top  electrode  layer.  The  emission  current,  if  observed  in  the 
former  cases,  was  very  small  compared  to  emission  current  with  Au  as  the  top  metal 
electrode.  Although  the  interface  between  Au  and  SiO*  is  weak,  we  decided  to  use  Au  as 
the  top  metal  electrode  considering  the  superior  emission  and  chemical  inertness,  a 
property  that  can  facilitate  future  studies  in  hot  electron  initiated  chemistry.  The  reason 
for  the  poor  performance  of  Ti/Au  and  Cr/Au  combination  might  at  least  partly  be 
explained  by  the  reactive  nature  of  the  interface.  Govyadinov  et  al.35  have  screened 
several  combinations  of  metals  for  the  top  electrode  in  a  polysilicon  MIS  electron  emitter 
and  experimentally  determined  that  porous  metal  film  improved  the  emission  efficiency 
of  the  MIS  device  compared  to  a  device  with  dense  continuous  metal  layer  as  the  top 
electrode.  In  our  studies  of  devices  with  Ti/Au  or  Cr/Au  as  the  top  metal  electrode,  the 
wetting  layer  will  promote  formation  of  a  more  uniform  Au  layer  and  thus,  similar  to  the 
observation  by  Govyadinov  et  al.,  decrease  the  emission  current.  Improvement  in  the 
cold  cathode  performance  was  achieved  by  Kusunoki  et  al."  by  optimizing  the  thickness 
of  the  insulator  in  MIM  electron  emitters.  The  insulator  layer  was  anodized  AljOj  and 
the  transfer  ratio,  defined  as  the  ratio  between  the  emission  and  device  currents,  was 
determined  as  a  function  of  the  insulator  thickness.  The  transfer  ratio  was  0.7%  at  the 
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optimal  insulator  thickness.  The  observed  dependence  of  transfer  ratio  on  the  insulator 
thickness  was  modeled  by  simulating  the  scattering  process  in  the  insulator  and 
determining  the  electron  energy  distribution  at  the  insulator-top  metal  electrode  interface. 
This  calculation  provided  a  qualitative  understanding  and  the  predicted  transfer  ratio 
deviated  from  the  experimentally  observed  values  by  an  order  of  magnitude.  The  reason 
for  the  variation  between  predicted  and  observed  transfer  ratios  was  attributed  both,  to 
additional  scattering  losses  in  the  top  metal  electrode  not  included  in  the  model,  and  to 
approximations  arising  by  considering  a  defect  free  insulator.  The  authors  indicate  that 
the  energy  losses  due  to  trapping  and  detrapping  of  electrons  in  the  insulator  wilt  have  a 
significant  contribution  in  insulators  with  high  trap  states.  In  our  studies,  the  observed 
yield  (transfer  ratio),  plotted  in  fig.  13,  is  between  10'5-10'6.  The  low  yields  in  our  studies 
compared  to  that  reported  by  Kusunoki  ct  a!,  might  be  due  to  significant  energy  losses 
due  to  trapping  and  detrapping  processes  in  the  SiO„  insulator  layer.  Nonetheless,  we 
observed  an  emission  current  density  on  the  order  of  lmA/m\  a  regime  of  the  emission 
current  density  where  useful  aerospace  applications  or  hot  electron  initiated  chemistry  is 
feasible. 

In  summary,  the  trap  states  in  the  non-stoichiometric  SiO*  insulator  in  the  Au- 
SiO*-Au  devices  play  an  important  role  in  determining  the  conduction  mechanism.  The 
trap  states  facilitate  transport  either  through  trap-assisted  tunneling,  direct  hopping 
between  the  trap  states  or  contributing  to  a  bulk-limited  Poole-Frenkcl  effect.  Multiple 
transport  mechanisms  contribute  to  the  conduction  current  with  differences  for  low 
versus  high  electric  field  transport.  The  energy  distributions  for  the  emitted  electrons 
peak  at  quasiballastic  energies.  Similar  emission  at  high  energies  was  observed  by 
Sakemura  et  al.2S  in  their  study  on  developing  a  high  efficiency  electro-emission  device. 
A  Si  layer  deposited  on  the  bottom  metal  electrode  was  used  to  inject  electrons  in  a  SiO* 
drift  layer  sandwiched  between  the  two  metal  electrodes,  The  authors  suggested  a 
hopping  mechanism  for  voltages  below  the  threshold  voltage  for  negative  resistance.  The 
appearance  of  negative  resistance  was  attributed  to  electron  trapping  in  the  drift  layer, 
Further,  they  proposed  that  a  non-uniform  electric  field  in  the  SiOx  layer,  with  enhanced 
field  near  the  top  electrode,  mediates  the  transport  of  electrons  in  the  device.  We  believe 
that  a  similar  conduction  mechanism  occurs  in  the  Au-SiO*-Au  devices. 


4.  Summary 

Cold  cathode  Metal-Insulator-Metal  (MIM)  devices  were  fabricated  and  tested.  A 
combinatorial  approach  was  used  to  screen  for  the  optimal  fabrication  procedure  and 
layer  composition.  The  emission  current  density  on  the  order  of  ImA/m2  was  achieved, 
and  sustained  emission  over  long  periods  of  testing  was  observed,  The  transfer  ratio,  i.e., 
the  ratio  between  the  emission  and  device  currents,  was  between  1  O'5- 1 O  ^.  A  plausible 
transport  mechanism  that  is  consistent  with  our  experimental  data  and  other  studies 
reported  in  the  literature  is  discussed.  The  in-situ  fabrication  and  testing  of  devices 
presented  in  this  report  makes  it  feasible  to  employ  these  devices  in  future  studies  on  hot 
electron  initiated  chemistry  as  reported  in  some  studies. 
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